DNA mismatch repair (MMR) is responsible for correcting errors formed during DNA replication. DNA polymerase errors include base mismatches and extra helical nucleotides referred to as insertion and deletion loops. In bacteria, MMR increases the fidelity of the chromosomal DNA replication pathway approximately 100-fold. MMR defects in bacteria reduce replication fidelity and have the potential to affect fitness. In mammals, MMR defects are characterized by an increase in mutation rate and by microsatellite instability. In this review, we discuss current advances in understanding how MMR functions in bacteria lacking the MutH and Dam methylase-dependent MMR pathway. 
Mismatch repair in Escherichia coli
The Gram-negative bacterium E. coli has served as the traditional model for the study of bacterial MMR. Experiments in this model system include the extensive biochemical characterization of all MMR components, including a successful reconstitution of the pathway in vitro [1] (see for review Refs. [2, 3] ).
Upon the identification of a replication error, E. coli MMR is initiated by the mismatch sensing protein MutS (Fig. 1A ) [4] . There are a number of models that have been proposed to describe the initial phase of mismatch recognition and the transmission of this signal to downstream proteins in the pathway [for review [5] ]. Briefly, the "translocation model", suggests that energy released by ATP hydrolysis drives translocation from the mismatch stimulating formation of a loop [6] . The "sliding clamp or molecular switch" model, proposes that upon mismatch binding, ADP is exchanged for ATP, eliciting a conformational change in MutS converting it to a sliding clamp allowing for diffusion along the DNA helix [7, 8] . The third model "static transactivation" suggests that mismatch bound MutS remains bound to the mismatch and facilitates communication with downstream events through DNA looping [9] . Although each model has experimental support, based on considerable in vitro and the in vivo observations of MMR complexes, we favor, the molecular "sliding clamp model" where MutS converts to a sliding clamp and diffuses along the DNA in search of MutL.
Based on the molecular switch model, after mismatch detection, MutS converts to a sliding clamp followed by recruitment of MutL through an interaction with residues Q211 and Q212 located in the connector domain of MutS [7, 10, 11] (Fig. 1B) . A third principal component of MMR in E. coli is the restriction endonuclease-like protein MutH. MutH follows behind the ongoing replication fork through association with the hemi-methylated d(GATC) sites [12] . The MutS$MutL binary complex forms allowing for MutL to active MutH [13] . Upon activation, MutH specifically nicks the unmethylated strand of the hemimethylated d(GATC) site [7] . The E. coli combination of the Dam methylase and MutH activities provides a signal that directs the MMR pathway to the nascent strand in a process termed strand discrimination [1, 14] . MutL loads the UvrD helicase at the newly incised nick on either the continuous strand or the incised strand, depending on whether the MutH-directed nick exists 5 0 or 3 0 to the mismatch, allowing for bidirectional excision (Fig. 1) [15] . Helicase loading ensures that helicase movement occurs toward the detected mismatch by unwinding the strand with the replication error, followed by degradation by one of several single-stranded exonucleases (ExoI, RecJ, ExoVII, ExoX) [16] . In the final correction step, DNA polymerase III holoenzyme replicates the ssDNA gap and DNA ligase seals the nick in the sugar-phosphate backbone ( Fig. 1D ) (see for review Ref. [17] ). In total, the repair of replication errors in vitro and in vivo relies on a minimum set of protein activities: MutS, MutL, MutH, Dam, UvrD, exonucleases (RecJ, Exo I, VII, X), the Pol III holoenzyme, DNA ligase, and SSB [1] (Table 1) .
Mismatch repair in MutH-independent bacteria
In considering bacterial MMR, it is important to mention that E. coli and a few closely related gamma proteobacteria use a MMR pathway where the strand-discrimination signal is known: methylation of adenine in d(GATC) sequences by the Dam methylase marks the template strand [18] . At the start of the cell cycle, d(GATC) sites are fully methylated; however upon replication, most d(GATC) sites exist in a transient hemimethylated state for >2 min [19] . As described above, the brief hemimethylated state is exploited by MutH to incise the DNA and target mismatch correction to the base located in the unmethylated strand, representing the newly synthesized strand.
E. coli has traditionally served as the bacterial model for MMR studies; however, most prokaryotes and all eukaryotes rely on a MutH-and Dam methylation-independent pathway (see for review Ref. [20] ). In place of the MutH endonuclease activity, most prokaryotic and eukaryotic MutL homologs (MLHs) contain a highly conserved endonuclease active site, where extensive conservation is apparent even among distantly related organisms including human, Arabidopsis and the Gram-positive bacterium Bacillus subtilis [21, 22] . Even Pseudomonas species, which have Dam-methylase, but lack MutH contain a MutL-endonuclease active homolog [23] . Despite this extensive evolutionary conservation of MLHs, E. coli MutL lacks the intrinsic endonuclease activity that defines eukaryotic, and even most prokaryotic, MMR pathways [21] . Therefore, though E. coli has certainly served as an important organism for studying the mechanistic steps of MMR since the discovery of mutator alleles [24, 25] , E. coli uses a methylation-directed MMR pathway, which is rare in biology.
Therefore, to understand how MMR functions in bacteria that lack MutH and Dam, other experimentally tractable bacterial systems, including Streptococcus pneumoniae and Bacillus species, were developed to study MMR offering key insights into how MMR functions in bacteria using an MMR pathway more widely conserved across biology [20, 26] .
Overview of the MMR reaction in Bacillus species
With the exception of MutS and MutL, the remaining core MMR proteins in Bacillus are different from E. coli. Furthermore even the biochemistry of MutS and MutL shows several key differences. In Table 1 , we list the core set of proteins known to be MMR components in Bacillus compiled from recent work on B. subtilis and Bacillus anthracis [22,27e34] . Like most bacteria and all eukaryotes, Bacillus species lack MutH and Dam methylase orthologs. The MMR reaction has not been reconstituted in vitro for a Bacillus species, however based on reconstitution of the MMR reaction in E. coli, human, and yeast [1, 35, 36] , as well as the information known about Bacillus MMR components, we can make some predictions about the potential mechanism.
In the first step, MutS is targeted to identify mispairs through interaction with the replication processivity clamp DnaN (b-clamp) [28, 30, 37] . Following mismatch identification, MutS recruits MutL to mismatch-proximal DNA [38] . MutL is then licensed through interaction with DnaN (bclamp) to nick the nascent strand [22, 29] . The mechanism that orients MutL to the nascent strand is unknown; however, we expect MutL endonuclease activity is preferential for a strand with a pre-existing nick, as has been shown for the eukaryotic MutL homologs [21, 39, 40] . The source of the pre-existing strand nick is also not known, although removal of misincorporated ribonucleotides on the leading strand and discontinuities provided by Okazaki fragments on the lagging strand may play a role [21, 34, 65, 66] . After MutL-mediated incision, the WalJ exonuclease is responsible for excision in the 5 0 e3 0 direction [32] . Whether or not a helicase plays an analogous role to E. coli UvrD is unclear, but the RecD2 helicase provides a major role in MMR for B. anthracis [33, 41] . In the final two steps, we speculate that PolC or DnaE is responsible for resynthesis, while we expect DNA ligase to seal the phosphodiester backbone to complete repair. Below, we describe in more detail how studies within Bacillus have led to a better understanding of MMR mechanisms in MutHindependent organisms.
Coupling mismatch repair to DNA replication in B. subtilis
Despite the extensive studies that elucidate the biochemical mechanisms of mismatch detection by MutS homologs on in vitro substrates, much less is known about how mismatch detection is performed in vivo. The main challenge posed to replication-error detection by MutS in vivo is the low frequency of their formation:~1 error every 30,000,000 bps synthesized [42] . Clearly, a dynamic chromosome further complicates mismatch repair by obscuring mismatch detection through DNA supercoiling, chromosome compaction, and a myriad of DNA-binding proteins associated with the nucleoid. Furthermore, mismatch repair assemblies must compete with active processes such as transcription that could potentially disrupt or impair MMR efficiency. To circumvent these challenges, several in vivo studies suggest that MMR is coupled to DNA replication in both bacteria and eukaryotes. In this review, we focus on the bacterial studies and direct readers interested in how MMR is coupled to DNA replication in eukaryotes to the following recent reviews [3, 43] .
A major source of coupling between MMR and DNA replication is through DnaN (b-clamp) and PCNA (Proliferating Cell Nuclear Antigen): the bacterial and eukaryotic processivity clamps, respectively. DnaN (b-clamp) is loaded at DNA termini by clamp loader complexes and primarily serves to tether replicative polymerases to DNA, increasing the overall processivity of the replication process [44] . Moreover, DnaN (b-clamp) acts as an organization scaffold for the replisome, therefore many proteins including MutS are recruited to nascent DNA via interactions with DnaN (bclamp) [28, 30, 45] . The majority of these interactions occur on the C-terminal face of the DnaN clamp in a cleft between domains 2 and 3, designated as the hydrophobic pocket (see for review Ref. [46] ). Various proteins have a dedicated clamp-binding motif (QL[SD]LF) that is critical for binding bclamp [47] .
The interaction between MutS and processivity clamp is direct but weak, and it occurs through the clamp-binding motif found within the unstructured C-terminal domain of bacterial MutS [48, 30] . Disruption of the clamp-binding motif or deletion of the MutS C-terminal domain is sufficient to eliminate binding to DnaN (b-clamp) in vitro [48, 30] . In B. subtilis, a clamp-binding motif mutant (Mut-S-806 AAAAA 810 ) at its native locus produces a minor increase in mutation rate [30] . However, truncation of the amino acids that comprise the unstructured clamp-binding domain of MutS (Domain VI-producing MutS800) in both E. coli and B. subtilis eliminates repair, revealing a dependence of MMR on yet-to-be identified binding interfaces within this domain [28, 49] . The resulting increase in mutation rate is completely suppressed by ectopic expression of mutS800. This effect reveals that mismatch detection depends on the DnaN$MutS interaction at native MutS concentrations (~100 nM in vivo), and perhaps explains why disruption of the motif in E. coli, B. subtilis, or Pseudomonas aeruginosa fails to produce elevated rates of mutagenesis at high expression levels (500 nM) [28, 49, 50] . In addition, unlike the B. subtilis protein, E. coli MutS800 is less stable in vivo, which likely contributes to the phenotype associated with this variant [49] .
The important role of processivity clamps during in vivo mismatch detection was elucidated in part through cytological studies. In bacteria, DnaN (b-clamp) forms large clamp assemblies termed clamp-zones, which immediately follow the progressing replication forks [28, 51, 52] (Fig. 2A) . In B. subtilis, clamp zones have been shown to contain 30-60 DNA-bound DnaN clamp dimers as clamp loading and unloading rates reach an equilibrium [51] . Importantly, DnaN (b-clamp) clamps are unevenly distributed in favor of the lagging strand due to Okazaki fragment synthesis and maturation; this asymmetry may facilitate the increased MMR efficiency that has been observed on the lagging strand, presumably due to the higher occurrence of 5 0 and 3 0 termini of the Okazaki fragments [53] . Initially, MutS is targeted to nascent DNA via its interaction with DnaN (bclamp), allowing MutS to maintain a critical spatial and temporal relationship with replication forks [28] . MutS targeting seems to occur at a step prior to mismatch detection because MutSF30A, a mutant defective for mismatch detection, localizes to the clamp zone in a subset of cells [28] . MutS localization is speculated to optimize mismatch detection efficiency in part by restricting the search for mismatches to newly replicated DNA. When the MutS$DnaN interaction is disrupted, eliminating MutS enrichment on newly replicated DNA, 90% of MMR capacity is lost, emphasizing the importance of a spatio-temporal coupling between mismatch detection and the replication forks on MMR in Gram-positive bacteria [28] .
Studies demonstrating the importance of MutS and/or MutL interaction with DnaN (b-clamp) are not limited to B. subtilis. The pathogen B. anthracis has two dnaN genes [37] . Simultaneous deletion of both genes is lethal, while deletion of just dnaN1 results in a complete MMR deficiency [37] . This study demonstrates that the role of DnaN (b-clamp) is upstream of DNA synthesis because both dnaN genes function in DNA replication but only dnaN1 functions in MMR. The existence of two dnaN genes was identified in several Bacillus species including Bacillus cereus and Bacillus thuringiensis [37] . The study of dnaN1 in B. anthracis provides strong genetic evidence that dnaN plays a critical role at a step in MMR preceding DNA synthesis in Gram-positive bacteria or at least in Firmicutes. Based on studies of DnaN (b-clamp) in B. subtilis, we speculate that the role of dnaN1 in MMR is to help target the MutS search for mismatches to the replisome and to license MutL-incision after mismatch detection (see below).
MutL recruitment to a mismatch
Upon mismatch detection by MutS, MutL is recruited forming a DNA-bound binary complex [54] . Cytological studies of a functional B. subtilis mutS-gfp showed that immediately preceding MutL recruitment, MutS-GFP forms foci in response to mismatch detection [28, 30, 55] . The number of MutS-GFP molecules in a focus was quantified and determined to be~8 MutS dimers in a focus, suggesting that numerous MutS dimers are involved in active repair within a living cell [38] . This observation suggested that MutS loads iteratively at a single mismatch, producing a transient increase in the local DNA-bound MutS concentration resulting in the efficient recruitment of MutL (Fig. 2B) . As mentioned above, MutS homologs have been shown to form a hydrolysisindependent sliding clamp after mismatch recognition [7, 8] . The basic model stipulates that multiple MutS dimers can load at a mismatch and then diffuse along the DNA in search of MutL and/or strand discrimination features [7, 8] . The cell biological findings of MutS-GFP foci are consistent with the biochemical observations of repetitive loading of E. coli MutS and sliding clamp conversion in vitro [7] . When the downstream MutL recruitment step is lost, MutS repair centers became considerably brighter, demonstrating a continued loading (quantified as 30 dimers) of MutS on mismatch-proximal DNA [38] . Exacerbated MutS loading continued upon successful MutL recruitment if the MutL endonuclease active site was disrupted, suggesting that only DNA incision and mismatch removal halts MutS repetitive loading at a mismatch, and not simply successful recruitment of MutL [38] .
Two possible mechanisms can explain MutL recruitment by iterative loading of MutS: either MutL binds MutS upon sliding clamp formation, or MutS binds MutL only when bound to a mismatch, forming a tertiary complex. Surface Plasmon Resonance (SPR) studies found that MutS and MutL form stable complexes on a substrate containing both a G/T mismatch and blocked ends in the presence of the slow hydrolysable ATP analog, ATPgS [7, 56] . Using EMSA, the MutS$MutL binary complex was refractory to an excess of G/ T competitor DNA when incubated with ATPgS, but not when ATP was used [7] . These data supports a model where MutS$MutL interact on DNA, despite sliding clamp formation by MutS. Furthermore, both of these approaches failed to observe a MutS$MutL complex when MutS was bound at a mismatch in the presence of ADP [7] . An alternate possibility for in vivo iterative loading is that MutL must bind MutS bound at the mismatch, an event which has been observed to last~3 s in vitro [56, 57] . Direct in vitro imaging failed to observe an association of MutLa with the MutSa sliding clamp after its departure from the mismatch [57] , suggesting that MutL homologs must bind MutS homologs while simultaneously bound to a mismatch [57] . Regardless of the specific model, iterative loading would increase the opportunity for MutL to find and bind MutS by increasing the duration of the mismatch-proximal occupancy by MutS.
MutL recruitment is orchestrated through a physical association with MutS [10, 11, 38] . In E. coli, a tandem glutaminebinding site was found in the connector domain of MutS to be important for MutL binding [10, 11] . Strikingly, these E. coli residues are not conserved in Gram-positive bacteria [11, 38] . To determine the MutL binding site on B. subtilis MutS, a peptide array screening approach identified a highly conserved motif found in the core domain (Phe319, Phe320) of B. subtilis MutS. Disruption of this sequence eliminates both interaction in vitro and repair in vivo [38] . The FF motif is conserved across many Gram-positive bacteria, including a number of nosocomial pathogens [38] . In E. coli and B. subtilis, the identified MutL binding interface is found on each face of the MutS dimer, supporting interactions that may occur whether diffusing along the DNA either 5 0 or 3 0 to the mismatch [38] . It is attractive to hypothesize that the MutL-binding interfaces of MutS may only be exposed for interactions upon mismatch detection and occupancy of the ATPase site with ATP, providing a logical 'on-switch' for MutL binding and initiation of the downstream repair events. In support of this hypothesis, ATP binding and sliding clamp formation induce a conformational state more competent for MutL interaction and recruitment in vitro [58] .
MutL endonuclease activity and activation
In organisms with methylation-independent MMR, a highly conserved endonuclease active site is found within the C-terminal domain of MutL homologs [21] . Discovery of the endonuclease activity in human MutLa subunit PMS2 explained how EXO1, a 5 0 e3 0 exonuclease important for human MMR, could paradoxically perform bidirectional excision of a mismatch initiated from a nick either 5 0 or 3 0 to the mismatch in vitro [21] . During repair, MutLa endonuclease activity is directed along the strand containing the preexisting nick, with the goal of nicking upstream (5 0 ) of the mismatch. This provides a 5 0 loading site for EXO1, which can then mediate digestion of the mismatch containing strand, allowing for bidirectional repair [21] .
A conserved metal-binding motif DQHA(X) 2 E(X) 4 E located in the C-terminal domain of human PMS2 is necessary for the endonuclease activity of MutLa [21, 22] . In B. subtilis, this motif is identical to the human PMS2 homolog and its integrity is important for endonuclease activity in vitro and for MMR function in vivo [22] . The presence of the MutL endonuclease active site is a hallmark of MutH-independent MMR in bacteria. In vitro, the endonuclease activity of PMS2 and B. subtilis MutL can be recapitulated in the absence of a mismatch or in the absence of other mismatch repair proteins when MutL is bound to Mn 2þ [21, 22] . The crystal structure of the C-terminal domain of B. subtilis MutL revealed an elongated endonuclease site that can accommodate at least two distinct metal ions. The presumed catalytic site is defined by the N-terminal end of the 462 DQHA(X) 2 E(X) 4 E motif, in particular by the Asp462 and His464 residues [22] . A second metal-binding site is defined by Glu468 in the 462 DQHA(X) 2 E(X) 4 E motif, and there are additional conserved motifs, 604 CPHGRP and 572 SCK [59] . In eukaryotic MutLa, a third conserved motif at the C-terminus of MLH1 ( 766 FERC) also assists with metal coordination [59] . This second metal-binding site coordinates a Zn 2þ metal ion and is presumed to stabilize the catalytic conformation of the domain [22] . Human PMS2 [21] and yeast PMS1 [60] are also Zn 2þ -metal binding proteins, reinforcing the idea that Zn , it does stimulate the Mn 2þ -dependent DNA nicking activity of B. subtilis MutL, and disruption of Zn 2þ coordination eliminates mismatch repair in vivo [22] .
Regulation of the MutL endonuclease activity is important because aberrant nicking could result in decreased genome stability and the potential for loss in viability. MutL-dependent incisions are regulated in part by the intrinsically weak nature of the endonuclease activity, which suggests a licensing event that must occur to activate MutL at the proper time [22] . A view of the electrostatic surface potential surrounding the active site reveals a sheath of negatively charged residues that guard against DNA docking within the site until licensing occurs [22] .
Other protein factors may further license MutL endonuclease activity. In B. subtilis, the C-terminal domain of MutL contains a conserved, albeit degenerate, DnaN clamp binding motif ( 487 QEMIV). Disruption of this motif eliminates MutL$DnaN interaction in vitro, and abrogates mismatch repair in vivo [22, 29] . Importantly, in E. coli, disruption of the analogous motif ( 482 QPLLI) in plasmid-borne mutL failed to produce a significant increase in mutation rate, suggesting that organisms employing methyl-directed repair rely less on the MutL$DnaN (b-clamp) interaction than organisms employing a MutL-contained endonuclease activity [29] . Interestingly, while loaded onto DNA, the clamp maintains a specific orientation, with its single C-terminal face positioned to interact with the replicative polymerases. Furthermore, the clamp is tilted on DNA (22 off perpendicular) upon being loaded by the clamp loader complex, potentially aiding in strand orientation [40] . One idea is that strand discrimination could be determined in vitro by the loaded orientation and tilt of PCNA and DnaN (b-clamp) [40] . Overall, the intrinsic activities of both MutL and the processivity clamp can regulate endonuclease nicking. Although it seems clear that the processivity clamp provides a significant role in regulating MutL incision, the mechanism of regulation is not known for the bacterial proteins. Also, it is unclear if the bacterial MutL, which contains two endonuclease active sites per dimer, is regulated differently from the eukaryotic MutL homolog, which contains one active site per dimer. In Fig. 3 , we present a model for the early steps of MMR and endonuclease activation.
Strand discrimination signals
For organisms lacking a methylation signal and the Dam/ MutH proteins, the process of strand discrimination is still unknown. Some recent evidence suggests that removal of misincorporated ribonucleotide monophosphates (rNMPs) from DNA could provide a signal to direct MMR to the nascent strand. We discuss this possibility below.
Early studies of the Gram-positive bacterium S. pneumoniae by Sanford Lacks and coworkers suggested that nicks present in the DNA strands could be used to direct MMR in organisms lacking methylation direction [61] . The question then became, what process(es) preferentially generates strand nicks in the newly synthesized strand serving to direct mismatch repair? One possibility is that nicks in the newly synthesized strand result from the removal of misincorporated ribonucleotides during DNA replication. During genome replication, rNTPs (ribonucleoside triphosphates) are occasionally used and incorporated in place of their corresponding dNTPs (deoxyribonucleoside triphosphates) [34, 62] . Ribonucleotide misincorporation is largely a consequence of rNTP intracellular concentrations ranging from 10 to 100 fold greater than those of their dNTP counterparts [63] . In vitro, the rate of rNTP incorporation by the E. coli Pol III holoenzyme is 1 rNMP for every 2.3 kb of replicated DNA, which in vivo would correspond to~2000 rNMPs embedded per chromosome per replication cycle [34] . dNMPs are less reactive and subsequently more stable than rNMPs, which when incorporated into DNA, produce both single stranded and deleterious double stranded breaks via alkali-promoted transesterification [64] . Furthermore, rNTPs and template rNMPs slow the rate of progression of the replicative polymerase in vitro [34] . Despite these potential problems, rNMP incorporation could provide a benefit to the cell: their removal would produce a nick in the newly replicated strand, possibly marking the strand for MMR [65, 66] .
During Ribonucleotide Excision Repair (RER), RNase HII (RnhB in B. subtilis) incises the rNMP embedded in DNA 5 0 of the ribonucleoside, generating a nick with 3 0 -hydroxyl and 5 0 -phospho-ribonucleotide ends [67] . Preceding further processing, these RER-dependent nicks have the potential to be used by the MMR pathway to direct MutL incision to the newly replicated strand. In B. subtilis, deletion of rnhB causes a~2.4 fold increase in mutation rate (compared to a 60 fold increase for the DmutSL strain) [34] . The DrnhB elevated mutation rate is further increased when combined with a null mutation in another RNase H enzyme, the RNase HIII (RnhC) [34] . The resulting rnhB/rnhC pair caused a 5-fold increase in the spontaneous mutation rate, but also showed a striking decrease in growth rate and viability [34] . Importantly, deletion of rnhB in E. coli, the only RNase HII enzyme, fails to increase the mutation rate, arguing that if RER has a minor role in contributing to strand discrimination, it does so in bacteria lacking a methyl-directed pathway [34] . Moving forward, it will be important to reconstitute MMR in vitro and to determine if a single rNMP can direct repair using the bacterial proteins. It will also be important to perform a comprehensive analysis of the contribution of RER to the spontaneous mutation rate, as well as determine the mutation spectrum and the molecular basis for mutagenesis observed in the absence of RNase HII in B. subtilis.
Strand removal and resynthesis
Upon mismatch detection, the newly replicated strand containing the incorrect nucleotide needs to be removed [1] . This process is initiated after an endonuclease nicks the newly replicated strand in the vicinity of the mismatch. The nicked strand is either unwound or displaced towards the mismatch, allowing an exonuclease to degrade the mismatch containing strand [16, 68] . In E. coli and other MutH and Dam containing bacteria, the UvrD helicase is required to unwind the mismatch-containing strand, followed by strand degradation by one of several redundant exonucleases (see for review Ref. [17] ). In B. anthracis, a uvrD mutant failed to produce an elevated spontaneous mutation frequency arguing against a role for UvrD in MMR for B. anthracis [31, 33] . Interestingly, in B. anthracis, disruption of recD2, a member of the same Superfamily 1 family helicases as UvrD, resulted in a striking increase in mutagenesis consistent with a loss of MMR [31, 33] . Despite an extensive phylogenetic distribution of recD2 among bacteria, B. subtilis RecD2 functions outside of MMR, engaging in the repair of other types of DNA damage [41] . Therefore, the extent to which RecD2 helicase participates in bacterial MMR requires further study and appears to be organism specific.
Further study is also needed to determine whether a dedicated helicase exists in other MutH or Dam-independent bacterial species. One possibility is that bacteria lacking MutH or Dam contain MMR systems more similar to the machinery found in eukaryotes where a helicase has yet to be identified to provide a role in strand removal. For mismatch removal, eukaryotes either rely on direct strand digestion by EXO1, strand displacement by polymerase d, or 3 0 e5 0 exonuclease activity likely performed by polymerase d (see for review Ref. [43] ). In bacteria, one possibility is that a newly discovered exonuclease, YycJ (WalJ), functions in an analogous role as eukaryotic EXO1. Disruption of walJ produces a spontaneous mutation rate equivalent to a MMR-deficient strain in both B. anthracis and B. subtilis [32] . Biochemical studies of WalJ show that it is a Mn 2þ dependent 5 0 e3 0 exonuclease [32] (Fig. 2D) . Interestingly, deletion of walJ also causes sensitivity to beta lactam antibiotics, suggesting a role for WalJ in cell wall homeostasis, as the name suggests [69] . Further analysis of walJ will be required to understand the role of this protein in MMR and in cell wall related functions in Gram-positive bacteria.
Conclusions
Since the development of Bacillus as an experimental system for understanding MMR, much has been discovered concerning the mechanism of MMR in bacteria lacking MutH and Dam methylase. Experiments in B. subtilis and B. anthracis demonstrate the importance of DnaN (b-clamp) during the early steps in MMR including targeting of MutS to mismatches [30, 37] , interaction with MutL [29] and spatiotemporal coupling of MMR to DNA replication [28] . Crystallization of the C-terminal domain of B. subtilis MutL yielded the first MutL endonuclease domain structure providing important implications for the regulation of MutL endonuclease activity in bacteria [22] . The search for mutator alleles in B. anthracis identified a helicase (RecD2) and exonuclease (WalJ) important for MMR [31e33] .
Though many new discoveries have been made over the last 10 years, important gaps remain in our understanding of MMR in MutH-less bacteria. Further study is needed to address questions including: What mechanism(s) activate and regulate MutL endonuclease activity? Does MutL identify strand discrimination signals and do ribonucleotides contribute to strand identification? Upon strand nicking, how is WalJ regulated and loaded to direct excision? Advances in these areas will stimulate new and exciting discoveries and uncover the mechanistic steps of an MMR process that is likely far more representative among bacteria than the more-well known model E. coli.
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